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ABSTRACT

The evaporation of tin oxide SnO, and mixtures of tin

and tin oxide was studied. The vaporization reactions are

sno, 1(sn0) +1lo, (n= 1,2)
n h 2
sn + sno, l(snOj, (n=1,2,3,4,)

n

The dissociation energy of SnO is: 081126.011&
kcal/mole; the polymerization energies are @98866.814,
136.5+5, 207.645 kcal/mole for (SnO),, (SnO), and (SnO),
respectively,

A reinterpretation of the total vapor pressures given

in the literature was made.
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INTRODUCT ION

The mass spectrometric study of the vaporization beha-
vior of a number of Group IVB-Group VIB compounds has shown

the presence of pclymeric molecules in the vapor of most of

these (1-9), The leasure-ents(“’s)shmnd these to be present

in increasing amounts in going from @0(8) to SnO and PbO,

Manuscript relessed by authors December 1964 for pudlicetion as an
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It was therefore of interest to investigate and analyse
in detail the evaporation behavior of both SnO2 and Sn02+Sn
not only to:derive the thermodynamic properties of these mole-
cules, but also to take their presence into account in the
calculation of the dissociation energy of the molecule Sn0

(10’11). Doing so made it

from total pressure determination
possible to explain the discrepancy between the previously
generally accepted thermochemical value of the dissociation
energy D(Sn0)= 13411 kcal‘i1+12)
which lead to an upper limit of 130.9 kcal/mole
parison of the data furthermore enable one to show independently
that also in SnO the electronically excited E state disso-

ciates to atomic products in their 3Pl sublevels, the more

likely possibility implied by rotational analyses for Sno(lu),

sns{1%) ppo18) ang ppsi??,

and the spectroszopic data,

(13,. The com-

EXPERIMENTAL.

The mass spectrometer used is a single focussing, 60°

sector, 20cm radius of curvature instrument described pre-

(18,19) (20) (21)

viously . The experimental set-up and the pranciple
of the thermodynamic study of vaporization processes was also
given previously.

The commercial SnO sa?fles were used as such. On the

1’22), it was considered that

basis of the literature data
in the tewmperature interval of interest here (1030-1200°K),
this compound has disproportionated to Sn + Snoz. The SnO2
samples were heated at 1000°K under one atmosphere of oxygen
for 24 hours prior to evaporation. Several crucible materials
tried gave rise to reaction with both Sn0O and Sn02. Quartz
was found to be a satisfactory container for SnO2 while molyb-

denum and platinum crucibles were used for SnO.
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Temperatures were measured both with a Pt-Pt 10% Rh
thermocouple and with an optical pyrometer.

RESULTS.

1. Composition of the Vapors.

a) §¥stem Sn02(s).

The ions characteristic of this system, identified
by their mass and isotopic distribution and shown to be pro-
duced from neutral species originating from the cell by
use of a movable beam defining slit are: 0’, 02*, Sn’, SnO‘,

+
Snzo and Sn202+. Their approximate appearance potentials are

+
given in table i. From these it was concluded that 0*, Sn
+

and Sn20+ are fragment ions whereas Sno’, 02’ and Sn202

are parent ions. The relative intensities of the different
ions further indicate that SnOz(s) vaporizes according to the

reaction

SnOz(s) + SnO(g) + 1/202(g) (1)
and to a lesser extent accoraing to

Sn02(s) -+ 1/28n202(q) + 1/202(2) (II)

b) System_Sn0(s)|(Sn(l)_*_Snd,(s)).

The ionic species characteristic of this system iden-
tified as above are: Sn+, SnO’, Sn20+, Sn202+, Sn303+ and
Sn 0“+. Appefrance potentialspiven in tabie I, shgwed again
Sn and Sn20 to be fragment ions and SnO , Snzo2 5 Sn303
and Snuou+ to be parent ions. The vaporization processes
for Sn0,(s) + Sn(l) are thus n/2(Sn0,(s) + Sn(1)) + Sn 0,
n= 1 to 4, In the molybdenum crucibles low ion intensities
attributed to SnO.MoOa, (Sn0)2.M003 and (Sn0)3.MoO3 were
also measured(23). Low intensities at even hipgher masses

were detected but due to the reduced separation at these



higher masses, it was not possible to identify the correspon-
ding ions as due to polvmers of SnO or other paseous molub-
dates, When a samnle of Snoz(s) + Sn(l1) was studied in a
tungsten crucible it also pave rise to the formation of several
complex molecules(za). Among the ions formed by electron impact
from these are Sn0.Wo,", Sno.(woa)’, (Sn0),.W0,*, sno0.(W0,),*,

+
(SnO)z.(WO3)2 and (Sn0)3.(WO2)2 5

2. Pressures,

The pressuresover Snoz(s) (table 2.), were calculated
from the Hertz Knudsen relation. Samples of known weipht were
vaporized completely to do so, the intensities of the major
species (SnO and 02) beinz monitored and inteprated with time.

In the Sn(s,1) ¢+ SnOz(s) system, the SnO partial pres-
sures were derived from the calculated enerpgy of vaporization
based on the following cycle, in which the value of the disso-
ciation energy of Sn0 is that to be discussed later.

o .
Sn02(s) + Sn0(g) + 1/2 02 AH298- 142,622,0

o =
1/2 O2 + 1/2 Sn(s) + 1/2 SnOz(s) -I/ZAHf‘zga--Gg.l*O.B 1

1/2Sn0,(s) + 1/2Sn(s) ~ SnO(p) AH§98= 73.522.1

The numeric values for the thermodynamic functions
required in this calculatiou were taken from the literature(gu'zs).
The heat of formation of SnO2 adopted, AH;’298= -138,10,5
kcal/mole will be justified in the discussion,

The partial pressures Pn of the polymers (table 3)

were cbtained from the relation



W e

Pn - In 91N
FI TI °n¥n

where I is the intensity, o the relative ionization cross
section and y the relative multiplier efficiency. The o
valueswere estimated on the basis that the ionization
cross section for a dimer is 1,6 times that of the mono-

mer as was shown to hold for several diatomic(27'29) and
dimeric molecules(ao). Values of atomic ionization cross
(31)

section were taken from Otvos and Stevenson . Multiplier

efficiencies were -ead from the cal. bration curve cf a

(32) similar to the one used in this work; mole-

multiplier
(33)

cular effects on the first dynode were taken into account
The numeric values used are ¢ = 1, 1.6, 2.1 anu 2.6, v = 1.0,
0.7, 0.6 and 0.7 for SnoO, $n,0,, Sn,0, and Sn, 0, respectively.
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TABLE 2. Vaporization of Snoz(s)
Pressures and Enthalpy for the Reaction
Sn02(s) + Sn0(g) + 1/2 02

Go=H
ToK -log P(atm) -4 L 298 AH,qg
Sn0 02 Sn202
1254 7.,18(t0.15) 8,00(:0.15) - 64,33 14y,7
1269 6.88 7.63 - 64,28 143.8
1290 6.53 7.31 - 64,21 143.0
1321 6,23 6.92 - 64.11 143.3
1367 5.71 6.33 - 63.95 142.8
1403 5,12 5.80 7.00(:0.30)63.83 141,0
1413 5.07 5.69 6.79 63.73 141.3
1531 4.10 4.67 5.67 63.39 142,2
1538 3,90 4,53 5.39 63.73 140.9
standard deviation 142.,6
total uncertainty t1.3




TABLE 3. Partial Pressures over SnOz(s) + Sn(l)

Exp.n° T°K - log p(atm)
Sn0 Sn202 Sn303 SnuOu
0901 1153 5.24(%0.4) 5.17(20.5) 5.36(20.5) 5.15(t0,5)
1194 4,78 4,29 5.03- 4,88
0913 1188 4,84 4.40 4,92 4.79
0922 1080 6.09 5.91 6.42 6,42
1095 5.92 $.68 6.41 6.19
1091 5.96 5.73 6.24 6.22
1117 5.63 5.27 5.84 5.57
1116 5.66 S.4u 6.05 5.98
1171 5.02 4,83 5.u8 5.46
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3. Thermodynamic Properties of the Snzgz, Sn,0, an i

Sn,Q, Polymeric Molecules.

The equilibrium constants for the reaction
(SnO)n(g) + nSn0(g) (n=2,3,4)
are pgiven in fipure 1, For Sn,0,, equilibrium constants
measured at the higher temperatures above SnO2 were also
included. The reaction enthalpies derived calculated by a

least square treatment are

o -
Sn202(g) + 2 Sn0(g) A“%Zle' 64.5¢t3 kcal/mole
- ”
Sn303(g) + 3 Sn0(gp) AH%IB?' 131,723
- ”
Snuou(g) + 4 SnO(p) AH1132-200.933

By combining these with the free enerpgies for the corres-

ponding reactions the entropies Sizle= 103,625, 82132=131.698

and 32132= 168,6t6 e.,u, for (3n0)2, (SnO)3 and (SnO)u respec-
tively, were calculated. By estimating hiph temperature entropies
and heat contents by analogy with a number of tetra, hexa-

and octa-atomic molecules(au), the polymerization energies

and entropies at 298°K were calculated to be AH;98=66.82u(Sn202),
136,5¢5 (Sn,0,), 207.6t5 kcal/mole (Sn,0,) and S2qg® 75.016

(Sn202), 90,7¢8 (Sn303) and 108.1t8 e,u, (Snuou).



DISCUSSION,

Different thermochemical values for the dissociation
energy of Sn0, calculated both from the present data for
the vaporization of SnO, and from literature <ata for the
2 (10,11) (35) .
vaporization of Sn0, + Sn ’ or Sn + Ga,0, mixtures
and for the reactions Sn(l) + CO2 + Sn0(p) ¢+ CO and Sn02(3)+
co » sno(g) + co, (1)

2
These were based on cycles analogous to I, in which

are summarized in table U4,

the dissociation energy of 0, orthe heat of sublimation of
tin, 8HS = 72,0 kcal/mole’ (28
The other data are briefly discussed now. The heat
of formation for Sn02(s), AH;QB(SnOZ(s))= -138,140,5 kcal/
mole is the average value calculated from the equilibria:
(11,36-39)

(40-42)

require no further comments.

1/2 Sn(s) + Coz(g) -+ l/28n02(s) + CO(p)
1/2 Sn(s) ¢+ HZO(g) - 1/2Sn02(s) + Hz(g)
which were both measured by several authors and treated here
by a third law procedure using the free energy functions(zu’zs)

and heats of formation(us), AH298 f(CO )= =94,1 keal/mole,

°
AH298.f(CO)- -26.,4 kcal/mole and AH298 g(H,0)= -57.8 kcal/
mole, given in the literature and fron

the calorimetric value of Humphrey and O'Brian(““), AH?

298, f
(Sn02)= -138,7:0.15 kcal/mole.

Enthalpies for reaction 1 were recalculated from the

(10)

apparent pressures measured by Veselowski and Platteeuw

Qn who applied the Knudsen and flow methods respec-

and Meyer
tively and both assumed the vapor over Sn02(s) + Sn(l) to
contain only the molecule SnO, Taking into account the presence

of the polymers by use of the relations

P:= p(Sn0) + /2 p(Sn,0,)+ /3 p(Sn303)+ 4 p(Sn,0 n
= p(Sn0)+ ) p(SnO) + R- p(Sn0) K- p(Sn0) " (Knudsen)
2 3

10



P,z p(Sn0) + 2p(Sn202) + 3p(Sn303) + up(SnuOu)

M
s
2 2_ 3 3I_ & y
= p(Sn0) = g p(Sn0)“= Y p(Sn0)~= o p(Sn0) " (transport)

2 3 4
where K are the equilibrium constants for the reactions
Snnon(g) + Sn0(g), the partial pressure of Sn0 were recal-
culated, They are summarized in table 4 together with the

heats of vaporization of the molecule SnO based thereon.

Platteeuw and Meyer(ll) also measured the equilibria
Sn0,(s) + CO(g) » SnO(g) + CO,(g) 2
and i .
Sn(l) + COz(g) + Sn0(g) + CO(g) 3

by the flow method. The partial pressure of the monomeric
molecule calculated in a similar manner as above from the
apparent Sn0 pressures are also given in table 4, together
with the corrected enthalpy change for reactions 2 and 3.

Cochram and Forster(ss) on the other hand studied the

reaction
2Sn(1) ¢+ Ga203(s) + 2 SnO(p) ¢+ Gazo(g) y

by the Knudsen technique for which they obtained AH;98=

249,1 kcal/mole compared to the value AH398= 236.3 kcal/

mole expected on the basis of the previously accepted disso-
ciation energy of SnoO (D:(Sn0)= 134 kcal/mole). The latter
authors therefore suggest that equilibrium was not established.
In fact, reaction 4 leads to a value D:(Sn0)= 126.3 kcal/
mole if 1o correction is made for the presence of small
amounts of pclymers and to Dz(Sn0)= 126.4 kcal/mole when such
correction is made in the same way as above. In the calcu-
lation of the dissociation energy from reaction 4, the free
energy function of Gazgggg used was the same as that adopted
by Cochram and Foster . The heat of formation of Gazo(g),
AH;98= =20.7 kcal/mole was calculated from the reactions

11



MpO(s) + 26a(s) + Ga,0(g) + Mg (p) (39) 5

5i0,(s) + 26a(s) » Ga,0(g) + sio(m 3% ¢
1/26a,0, + 4/3Ga(s) + Ga,0(p)*3) 7
which, with 8H®,. .(Si0,)= -217,5¢46) ,u° (Mg)=35.6¢26)
298,f (u)2 subl,298 (%7)
Bl gq £(Si0,): +26.1" 8H3gq g(Ga,04): -261.05t0.3

kcal/mole and the high temperature entropy of Ga203 recently
determined by Pankratz and Kelley(ua), pive respectively
H298 f(Ga 0(g))= -20.0, =-20.3 and ~21.9 kcal/mole. The
average AH298 f(Ga 0(g))= =-20.,7:1.0 kcal/mole was used in
the thermochemlcal cycle:

0
8,494

Sn(l)*l/ZGa 0 (s) » SnO(g)*l/?Ga 0(g) +125,321,5

1/2Ga20(g) - Ga(s)*l/h Oz(g) + 10,410,5
3/4 0,(g)+Ga(s) + 1/2Ga,0,(s) -130,520.2
Sn(g) - Sn(s) - 72,00,5
0(g) ¢+ Sn(g) + SnO(g) -126,4¢1,6

The average thermochemical value, D:(Sn0)= 125,2¢1 kcal/
mole is in good agreement with two spectroscopic values.

One is based on a continuous absorption at 1931t6 X,
attributed to dissociation into Sn ( D2) + 0Of( P)(la), which
gives Do(SnO)= 124.,0 kcal/mole(la). The other is obtained
from the accurately known convergence limit of the E state
at 130.9 kcal/mole(l3). Rotational analysis for Sn0O, as well
as for the analopous molecules, SnS(IS), Pbo(ls) and Pbs(l7)
have shown the latter to correlate most presumably with the
3?1 sublevels of both Sn and 0., On substracting the corres-
ponding excitation energies from the convergence limit, one
obtains D:(Sn0)= 125,6 kcal/mole. The apgreement between this
value and the thermochemical one confirms, as in the case

of SnS and PbS that the excited E stateg of these molecules

12
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correlate most probably with the 3P1 sublevels of the corres-

ponding atoms,

As appears in Table 3 the polymer molecules Sn202,
Sn303 and Sa,0, are all of comparable importance in the pressure
range investipated here, As discussed above, their presence
markedly influences the thermochemical value of the dissociation
energy of the monomer calculated from total pressure measurements.

In these polymers, the averapge Sn0-Sn0 bond as well as
the energy required to abstract one monomer from a given polymer
are all very close to one another (Table IV)., The abstraction
energy tends further, as in the other Group IVB-Group VIB
polymers(3’5’7’8) towards the heat of sublimation of the monomer,
especially if the lAatter is calculated for the metastable com-
pound SnO for whicn aH® = 71.9 kcal/mole (AH;’zge(SnO,s)=

sub,298"
-67.6 kcal/mole %),

TABLE 4, Bond _trenghts in the (Sn0)1 Polymers (kcal/mole).

. °
Reaction AH298
Sn202(g) + 2Sn0(s) 66,824
Sn303(g) - Sn202(g) + Sn0(g) 69,7ty
Snuou(g) -+ Sn303(g) + Sn0(g) 71.1t4
Sn0(s) + SnO(g) 71.922,5
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